Higher plants possess the ability to trigger a long-term acclimatory response to different environmental light conditions through the regulation of the light-harvesting antenna size of photosystem II. The present study provides an insight into the molecular nature of the signal which initiates the high light-mediated response of a reduction in antenna size. Using barley (Hordeum vulgare) plants, it is shown (i) that the light-harvesting antenna size is not reduced in high light with a low hydrogen peroxide content in the leaves; and (ii) that a decrease in the antenna size is observed in low light in the presence of an elevated concentration of hydrogen peroxide in the leaves. In particular, it has been demonstrated that the ability to reduce the antenna size of photosystem II in high light is restricted to photosynthetic apparatus with a reduced level of the plastoquinone pool and with a low hydrogen peroxide content. Conversely, the reduction of antenna size in low light is induced in photosynthetic apparatus possessing elevated hydrogen peroxide even when the reduction level of the plastoquinone pool is low. Hydrogen peroxide affects the relative abundance of the antenna proteins that modulate the antenna size of photosystem II through a down-regulation of the corresponding lhcb mRNA levels. This work shows that hydrogen peroxide contributes to triggering the photosynthetic apparatus response for the reduction of the antenna size of photosystem II by being the molecular signal for the long-term acclimation of plants to high light.
Introduction
In the early stages of the photosynthetic light reactions, solar energy is absorbed by photosystem II (PSII) and photosystem I (PSI) through their light-harvesting antenna, providing the energy to drive electron transport from H 2 O to NADP + . Plants are exposed to changes in light intensity that can lead to an imbalance of the excitation of both photosystems. Excess light induces the reorganization of the photosynthetic apparatus to optimize light harvesting while avoiding photo-oxidative damage (Boardman, 1977; Anderson, 1986; Ballottari et al., 2007) . Long-term acclimatory responses include the modulation in the PSII/PSI ratio, the regulation of Rubisco and the ATPase content, as well as the cytochrome b 6 /f level. An essential mechanism for the long-term acclimation of higher plants to high light (HL) is the regulatory decrease in the size of the light-harvesting antenna of PSII. The antenna of PSII is composed of different classes of pigment-protein complexes: (i) the core antenna subunits PsbC (CP43) and PsbB (CP47); (ii) the minor antennae of PSII consist of the monomers Lhcb4 (СР29), Lhcb5 (СР26), and Lhcb6 (СР24); and (iii) light-harvesting complexes II (LHCII). LHCII, the major antenna complex of PSII, is composed of S-type (strongly bound), M-type (moderately bound), and L-type (loosely bound) homo-and heterotrimers, made of Lhcb1, Lhcb2, and Lhcb3 proteins in various combinations.
The abundance of the antenna proteins of PSII is maximal under shade conditions (Anderson, 1986; Ballottari et al., 2007) . HL conditions for more than 3 d lead to a reduction in the light-harvesting antenna size of PSII by the down-regulation of several antenna proteins. This helps to avoid an overreduction of the plastoquinone pool (PQ pool) and therefore photodamage of the photosynthetic apparatus (Anderson, 1986; Lindahl et al., 1995) . More recently, it has been shown that proteolysis of Lhcb proteins is triggered after the first 24 h of HL (Zelisko et al., 2005; Wagner et al., 2011) .
Among the Lhcb proteins, a large decrease was observed for the Lhcb1, Lhcb2, Lhcb3, and Lhcb6 polypeptides upon prolonged HL illumination (Bailey et al., 2001; Ballottari et al., 2007) . A minimal antenna unit in HL-adapted plants contains Lhcb4, Lhcb5, and an S-type trimer of LHCII, in addition to PSII core antenna subunits (Morosinotto et al., 2006; Ballottari et al., 2007) . LHCII is bound not only to PSII but also to PSI, and the quantity of LHCII per PSI is also reduced under long-term HL conditions . The stability of the PSII antenna unit is controlled by the Lhcb6 protein since it provides the binding sites for the M and L trimers to the PSII core antenna subunits (Boekema et al., 1999; De Bianchi et al., 2008) . It has been proposed that the lack of the Lhcb6 protein under long-term HL conditions destabilizes the binding of M and L trimers to the PSII core antenna subunits, leading to a reduction in the antenna size (De Bianchi et al., 2010; Morosinotto and Bassi, 2012) . Another component, which is responsible for the structural changes of the PSII antenna in HL is zeaxanthin (Havaux et al., 2004) . Both zeaxanthin and the PSII subunit PsbS modulate a conformational change of a number of Lhcb proteins, controlling their association/dissociation with the PSII core complex (Betterle et al., 2009; Johnson et al., 2011) . It may be proposed that, as a consequence of these processes, detached M and L trimers become more available for the proteases in order to be processed.
Previous work demonstrated that the redox state of the PQ-pool is involved in the modulation of the PSII antenna size (Pfannschmidt et al., 1999; Yang et al., 2001) , thus suggesting that the PQ-pool not only acts as an electron carrier but also plays a regulatory role in cell metabolism (Allen, 2002) . A detailed analysis of the regulation of the abundance of Lhcb proteins was made using viridis zb63 (Morosinotto et al., 2006) , a barley mutant depleted in PSI but retaining normal PSII activity (Hoyer-Hansen et al., 1988) . In this mutant, the PQ pool was over-reduced even at low light intensities and this led to a down-regulation of the biosynthesis of the Lhcb1, Lhcb2, Lhcb3, and Lhcb6 proteins by a post-transcriptional mechanism (Frigerio et al., 2007) . Using Arabidopsis thaliana wild-type plants, it was later shown that cytoplasmic translational regulation of Lhcb proteins in HL can precede the transcriptional regulation of nuclear genes (Floris et al., 2013) . Further work on Arabidopsis thaliana has also revealed that the down-regulation of the biosynthesis of Lhcb proteins in HL resulted from the suppression of the mRNA levels of the corresponding genes (Borisova- Mubarakshina et al., 2014) .
Despite intensive work, the signal molecule, which is responsible for transmitting information of the PQ pool redox state and which transduces that information into a regulatory mechanism that modulates the PSII antenna size, remains unknown.
Among the chloroplast signals, reactive oxygen species and, in particular, hydrogen peroxide (H 2 O 2 ), play major roles in the different signalling pathways (Desikan et al., 2001; Vandenabeele et al., 2003; Apel and Hirt, 2004; Baier and Dietz, 2005; Vanderauwera et al., 2005; Slesak et al., 2007; Foyer and Noctor, 2009; Alboresi et al., 2011; Ivanov et al., 2012; Karpinski et al., 2013) . In chloroplasts, the photochemical reactions are coupled to the generation of H 2 O 2 resulting from the reduction of molecular oxygen by the components of the photosynthetic electron transport chain (Mehler, 1951) . Although it was commonly accepted that only the acceptor-side components of PSI were involved in oxygen reduction and hence H 2 O 2 production (Asada, 1999) , more recently, the PQ pool was also shown to be involved in H 2 O 2 production (Ivanov and Khorobrykh, 2003) with a large contribution at high light intensity (Khorobrykh et al., 2004; Mubarakshina et al., 2006) . In the chloroplast stroma, hydrogen peroxide is produced by the dismutation reaction of superoxide radicals (O 2 ·− ), catalysed by superoxide dismutase. The pathway of H 2 O 2 production within the thylakoid membrane,with the contribution of the PQ pool, involves the reduction of O 2 ·− which is mainly generated in PSI by plastohydroquinone, PQH 2 (Ivanov et al., 2007 ; for a review see (Hauska et al., 1983) and O 2 ·− /H 2 O 2 (940 mV). The main aim of the present study was the identification of the molecular signal that is responsible for the modulation of the PSII antenna size in higher plants. It was investigated whether hydrogen peroxide could be a signalling molecule involved in the signal transduction pathway triggered by the over-reduced PQ pool and resulting in the long-term acclimatory response to HL stress. The changes in the PSII antenna size were studied under conditions that either minimized the hydrogen peroxide content in detached barley leaves in HL or were in the presence of elevated hydrogen peroxide concentrations in leaves in low light (LL). The hydrogen peroxide content and the PQ pool reduction level were measured under these conditions. In order to follow the changes in the relative amount of the pigment-protein complexes or proteins, thylakoids were isolated from barley leaves and were analysed using native-or SDS-PAGE systems, respectively. Quantification of the individual gene products was performed by immunotitration with specific antibodies. In addition, the influence of H 2 O 2 on the level of mRNA transcripts (lhcb genes) coding the Lhcb proteins, which are responsible for the antenna size regulation, was analysed using quantitative reverse-transcription PCR (qRT PCR).
Materials and methods

Plant material
Barley (Hordeum vulgare) plants were grown in a growth chamber at a light intensity of 100 μmol quanta m -2 s -1 at 20 °C for 5-7 d either at a day/night period of 8/16 h or at a day/night period of 16/8 h or continuously. It was ascertained that the duration of the light period during growth did not affect the regulatory changes in the PSII antenna size during the following treatments; however, the changes were more pronounced when continuous light was used before the treatments (not shown). For the first approach, detached leaves were incubated in medium without catalase in LL or in the absence or presence of catalase in HL for 5 d continuously. For the second approach, detached leaves were incubated in the absence or presence of hydrogen peroxide in LL for 5 d continuously. In the catalase approach, leaves were floated on the medium surface; in the hydrogen peroxide approach, leaves were dipped by the bottom end into the Eppendorf tubes containing the incubation medium.
Measurement of hydrogen peroxide
The determination of H 2 O 2 was based on the peroxidative oxidation of luminol (Cormier and Prichard, 1968) . Leaves (50-100 mg) were frozen in liquid nitrogen for 20 s. The frozen pieces were transferred to 0.4 ml of 2 M trichloroacetic acid (TCA) and homogenized. The extraction of H 2 O 2 was carried out with 3 ml of 0.05 M K-phosphate buffer (pH 8.5). For the absorption of pheophytin and carotenoids, activated carbon (250 mg) was added to 3.4 ml of the homogenate, which was centrifuged for 20 min at 10 000 g. The supernatant was decanted and titrated with 2 M KOH to pH 8.5. The H 2 O 2 content was determined in 0.05-0.10 ml of the extract by adding 1 ml bioluminescent mixture containing peroxidase (1 × 10 -6 M) and luminol (2.26 × 10 -4 M) and calculated according to the standard curve.
Estimation of H 2 O 2 leakage from leaves into the incubation medium
Leaf pieces were dipped into 3 ml of 0.05 M K-phosphate buffer (pH 8.5). Small aliquots (50 μl) were taken every 5 min for 20 min in the dark, and then for 20 min at HL intensity (1000 μmol quanta m -2 s -1 ) in order to measure the H 2 O 2 content.
Thylakoids
Thylakoids were isolated from barley leaves according to Bassi et al. (1985) . Pigments were extracted from detached leaves with 80% acetone (v/v) and were then quantified by fitting the spectrum of the acetone extract with the spectra of the individual pigments (Croce et al., 2002) and recorded using an Aminco DW-2000 spetrophotometer. The extraction of pigments from isolated thylakoids was performed with 95% ethanol (v/v) (Lichtenthaler, 1987) .
Non-denaturing electrophoresis (Deriphat-PAGE)
This was performed according to Peter and Thornber (1991) with the following modifications: 3.5% (w/v) acrylamide (48:1.5% acrylamide/bisacrylamide) in the stacking gel, an acrylamide concentration gradient from 4% to 12% (w/v) in the resolving gel stabilized by a sucrose gradient from 6.5% to 12.5% (w/v). 120 mM TRIS and 480 mM glycine (pH 8.3) were also included in both gels. Thylakoids were solubilized with an equal volume of 0.8% of n-dodecyl β-dmaltoside and were loaded on each gel lane (30 μg of chlorophyll). The densitometric analysis was made using Gel-Pro Analyser 3.1.
Denaturing electrophoresis (SDS-PAGE)
This was performed according to Schägger and von Jagow (1987) in the 12-18% gradient polyacrylamide gel, which ran for 16-20 h at a current of 100 mA per gel at room temperature. Thylakoids corresponding to 8 μg of chlorophyll were loaded in each gel lane, in the chamber of a PROTEAN II xi Cell, Bio-Rad (USA). Coomassie staining was used for proteins visualization.
Western blot
For the assay of protein quantity by Western blot, thylakoids were loaded on to minigels using the system described in a previous study (Ballottari et al., 2004) in four different dilutions: 1.0, 0.75, 0.5, and 0.25 μg of chlorophyll for Fig. 5 ; and 2 μg of chlorophyll for Fig. 8 . The results of the antibody reaction were acquired with a scanner and analysed by densitometry using Gel-Pro Analyser 3.1. Alcaline Phosphatase Conjugate Substrate Kit was used for visualization. 5 μl of Precision Plus Protein Kaleidoscope (10-250 kDa) (Bio-Rad, USA) were loaded as the protein molecular weight marker.
Chlorophyll a fluorescence Chlorophyll a fluorescence was measured in leaves using a Mini PAM-fluorometer (Walz, Germany). PSII quantum yield was calculated using the formula (
where F s is a steady-state fluorescence yield, F m ′ is the maximum fluorescence yield in response to a saturating pulse after 5 min of illumination with actinic light (100 μmol quanta m -2 s -1 ). The coefficient of non-photochemical quenching (qN) was calculated using the formula qN=(
where F m is the maximum fluorescence yield in response to a saturating pulse applied to dark-adapted leaves.
Relative plastoquinone pool reduction level The relative plastoquinone pool reduction level in leaves under illumination was measured using a PAM101-fluorometer (Walz, Germany) and was assessed as 1−qL, where qL=( (Tullberg et al., 2000) ; F 0 ′ is the minimum yield of Chl fluorescence immediately after the cessation of illumination.
Quantitative RT-PCR
Total RNA was extracted from frozen barley leaves, using the Aurum total RNA Mini Kit (Bio-Rad, USA), and was treated with DNAse to eliminate any genomic DNA contamination. Firststrand cDNA synthesis was performed with 400 ng of total RNA using iScript Reverse Transcription Supermix (Bio-Rad, USA) with oligo(dT) as a primer. The quantitative reverse-transcription polymerase chain reaction (qRT-PCR) on three independent biological replications was performed with the primer pairs specific for genes coding for the Lhcb1, Lhcb3, and Lhcb6 proteins (Frigerio et al., 2007) . The sequences of oligonucleotides used for qRT-PCR measurements of lhcb4 and lhcb5 transcripts were: lhcb4: forward CTCTTAAGTGGTCGGTGGT, reverse TCCTATGTGATCGGACCAGC; lhcb5: forward GATCTACT TGCCCAACGG, reverse CATGGATGAGC TCAAAGGCC. The qRT-PCR data were normalized to a housekeeping gene using actinspecific primers. PCR reactions were run in an IQ5 cycler (Bio-Rad).
Results
Two independent approaches, based on the regulation of the H 2 O 2 level in leaves of wild-type barley plants, have been applied: (i) experimental conditions were established that allowed the hydrogen peroxide content in leaves to be minimized in HL; (ii) experimental conditions were established that allowed the hydrogen peroxide content in leaves to be elevated in LL. The correlation between the level of H 2 O 2 in leaves, the plastoquinone pool redox state, and PSII antenna size has been investigated under these conditions.
Effect of a decreased hydrogen peroxide content on PSII antenna size in HL Conditions, which lead to a reduction in the H 2 O 2 level in HL leaves
Detached barley leaves (5-7 d old) were exposed either to LL or HL for 5 d in the absence or presence of exogenous catalase, the enzyme which decomposes H 2 O 2 . Catalase added to the incubation medium can enter the apoplast, thus acting as a large external sink for cellular H 2 O 2 and efficiently drives down the hydrogen peroxide content in cells and cell organelles, including chloroplasts, peroxisomes, and mitochondria. The H 2 O 2 molecules are able to leak from the leaves into the incubation medium. H 2 O 2 leakage from leaves has been verified. Barley leaves were cut approximately 5 mm from both sides in order to allow catalase to penetrate more easily and/or the tissue hydrogen peroxide to diffuse better into the incubation medium. No H 2 O 2 leakage from the leaves was detected without illumination, while an increase in the H 2 O 2 level in the medium of up to 2-3 times was observed during illumination with HL. It is suggested that the presence of catalase in the medium could result in a greater leakage of H 2 O 2 from the leaves, thus minimizing the intracellular H 2 O 2 content as well. Figure 1A shows changes in the H 2 O 2 content in barley leaves during the incubation either at LL intensity (100 μmol photons m -2 s -1 ) or at HL intensity (1000 μmol photons m -2 s -1 ) in the absence or presence of catalase (1200 units ml −1 ) in the incubation medium. At the end of the first day of incubation in LL, the leaf strips floating on the surface of the medium were shown to have undergone oxidative stress as monitored by an increased H 2 O 2 content in the leaves. By the third day, the H 2 O 2 content decreased, reaching the same level as that measured in control leaves. LL treatment had no further effect on H 2 O 2 content. HL conditions resulted in a much higher accumulation of H 2 O 2 in the leaves at the end of the first day of treatment and the H 2 O 2 level remained high during the whole treatment. The H 2 O 2 level in leaves incubated in HL in the presence of catalase remained lower than in HL in the absence of catalase. On the fifth day of the HL treatment, the H 2 O 2 level in the presence of catalase was similar to that observed in LL leaves.
H 2 O 2 content and the relative level of reduction of the PQ pool in leaves under the conditions studied
Figure 1B shows changes in the relative level of reduction of the PQ pool in barley leaves, measured as 1−qL (see Materials and methods for details), during incubation either at LL intensity or at HL intensity in the absence or presence of catalase for 5 d. The actinic light during the course of the measurements corresponded to the intensity at which the ) in the absence or presence of 1200 units ml -1 catalase (HL catalase) for 5 d. Control: H 2 O 2 content measured in leaves of barley plants grown in LL before the incubation. The actinic light for the measurements of the reduction level of the PQ pool corresponds to the intensity at which incubation of the leaves was carried out. 0.346 µmol of H 2 O 2 /g leaf −1 was normalized to 100%. Values are the mean ±SD of three independent replicates each made by three repetitions. The experiments were performed three times with similar results. ANOVA statistical test (Fisher test) was performed for the data presented in (A). 1st day: HL versus LL, P value <0.1; HL catalase versus LL, no significant difference; HL catalase versus HL, P value <0.05. 3rd day: HL versus LL, P value <0.01; HL catalase versus LL, P value <0.05; HL catalase versus HL, P value <0.5. 5th day: HL versus LL, P value <0.01; HL catalase versus LL, no significant difference; HL catalase versus HL, P value <0.01. leaves were incubated. LL treatment of leaves had almost no effect on the level of reduction of the PQ pool. HL treatment resulted in an increase in the level of reduction of the PQ pool and was approximately similar in both the absence and presence of catalase.
Decrease in the H 2 O 2 content in HL-treated leaves yields to a PSII antenna size typical of LL-adapted plants
The antenna subunits of the PSII core complex and of the major PSII light-harvesting complex LHCII are characterized by the different contents of chlorophyll а (Chl a), chlorophyll b (Chl b), and carotenoids. The core antenna subunits СР47 and СР43 only bind Chl а, while the minor antenna complexes СР29 and СР26, besides Chl a, also bind Chl b, whose abundance with respect to Chl a is further increased in the major antenna LHCII. In higher plants, the long-term HL-mediated reduction of PSII antenna size mainly occurs through a decrease in the quantity of the major antenna proteins that leads to a decrease in the relative abundance of Chl b (Lindahl et al., 1995; Ballottari et al. 2007; Frigerio et al., 2007) . Therefore, the increase in the Chl а/Chl b ratio of the leaves reflects the decrease in PSII antenna size (Lindahl et al., 1995) and, therefore, changes in the light-harvesting antenna composition with HL can be monitored by measuring the Chl а/Chl b ratio. Figure 2 shows the changes in the Chl а/Chl b ratio of barley leaves treated under the conditions studied. In a medium devoid of catalase, the Chl а/Chl b ratio began to increase after the third day of HL treatment (1000 μmol photons m -2 s -1
). The effect increased significantly on the fifth day of incubation, while the Chl а/Chl b ratio was unaffected in LL (100 μmol photons m -2 s -1 ) (Fig. 2) . These data reflect a decrease in PSII antenna size under HL conditions that is consistent with a previous report (Lindahl et al., 1995) . When leaves were exposed to HL in the presence of catalase, the Chl а/Chl b ratio showed behaviour similar to that of leaves maintained in LL. On the basis of these results, it is proposed that PSII antenna size was not modulated by HL when catalase was added to the incubation medium.
The Chl а/Chl b ratio does not provide a quantitative assessment of the abundance of the PSII light-harvesting antenna proteins per PSII core complex. In order to verify if the HL treatment, in the absence or presence of catalase, affected the composition of the thylakoid pigment-protein complexes differently, native electrophoresis was carried out (Fig. 3) . This technique allows the thylakoid membrane pigment-protein complexes to be separated into PSI-LHCI, PSII core complex, trimeric and monomeric light-harvesting complexes of PSII (PSII antenna) (Peter and Thornber, 1991) . Densitometric analysis of the electrophoretic profile showed that the different light treatments differently affected the PSII antenna/PSII core-complex ratio. A significant decrease in the PSII antenna/ PSII core-complex ratio was observed after acclimation to HL (from 7.0 in LL to 5.2 in HL), which is in agreement with data obtained previously (Morosinotto et al., 2006; Kouřil et al., 2013) . The HL treatment of leaves in the presence of exogenous catalase did not lead to the same decrease in the PSII antenna/PSII core ratio, only reaching 6.3, which was ). PSI-LHCI, photosystem I with light-harvesting antenna of photosystem I; PSII core, photosystem II core-complex; PSII antenna, trimeric and monomeric light-harvesting complexes of PSII. Values are the mean ±SD of two independent experiments each made by two repetitions. more similar to that measured in LL leaves. It is worth noting that such changes in the PSII antenna/PSII core-complex ratio were observed when the relative abundance of the PSII core-complex was essentially the same in all samples. The PSI-LHCI content was also lower in HL than in LL. However, catalase treatment in HL had no effect on the PSI-LHCI relative abundance, which was the same as in HL without catalase. This means that the catalase treatment specifically affected the LHCII content.
To assess the composition of Lhcb proteins, sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) with subsequent densitometric analysis of the separation profile was carried out. Figure 4 shows the SDS-PAGE fractionation of the thylakoid proteins from barley leaves incubated either at LL or at HL in the presence or absence of exogenous catalase. Densitometric analysis of the Coomassie-stained gel revealed a difference in the intensity of the band corresponding to Lhcb1+Lhcb2 proteins. The relative abundance of Lhcb1+Lhcb2 was significantly reduced upon exposure to HL with respect to that of LL leaves; however, such a reduction in Lhcb1+Lhcb2 content was not observed when leaves were exposed to HL conditions in the presence of catalase. Furthermore, densitometric analysis indicated that the relative abundance of both Lhcb3 and Lhcb6 changed similarly to that of Lhcb1+Lhcb2 proteins, while no changes were observed in the level of the Lhcb5 subunit. As an additional control, the intensity of the band at 33 kDa, which represents a subunit of the oxygen-evolving complex, was analysed. Almost no changes were detected in the level of the 33 kDa subunit under all conditions. The abundance of the total PSII core proteins was slightly higher under HL conditions in both the presence and absence of catalase.
It should be made clear that the elevated hydrogen peroxide content is not the only component responsible for the entire acclimation process of plants to HL. Plants grown in HL have, in addition to a lower PSII antenna size, a higher PSII/PSI ratio and larger amounts of the thylakoid electron transport components, Rubisco and ATPase (Anderson, 1986) . Figure 4 shows that the ATPase content is indeed significantly higher in HL than in LL, while a decrease in the H 2 O 2 content by catalase treatment in HL had no effect on the abundance of ATPase. This means that the ATPase level was regulated by a HL-mediated signalling mechanism other than hydrogen peroxide.
The quantitative assessment of the content of Lhcb proteins was made by Western-blot. The abundance of polypeptides in the thylakoid membranes was assessed by immunotitration with specific antibodies and normalized to CP47 content (Fig. 5A) . Western-blot analysis for Lhcb3 and Lhcb6 polypeptides confirmed that thylakoids contained a higher amount of these proteins when leaves were exposed to LL and HL in the presence of exogenous catalase, while their amount was lower in HL in the absence of catalase (Fig. 5B) . Almost no changes were observed in the levels of Lhcb4 and Lhcb5 proteins, which are not involved in the modulation of PSII antenna size in HL (Ballottari et al., 2007) . The results reported here showed that treatment of HL-exposed leaves with exogenously added catalase impaired the acclimatory reduction of the Lhcb1+Lhcb2, Lhcb3, and Lhcb6 contents. 
Effect of increased hydrogen peroxide content on PSII antenna size in LL Conditions, which lead to an increase in the H 2 O 2 level in LL leaves
In order to investigate whether hydrogen peroxide acts as a signal molecule for the regulation of PSII antenna size, detached barley leaves were incubated for 5 d in LL (100 μmol photons m -2 s -1 ) in the absence (control) or presence of exogenous H 2 O 2 (50 mM or 100 mM) in the incubation medium. Only a small portion of H 2 O 2 is expected to reach the cell cytoplasm and the chloroplast stroma because H 2 O 2 , while diffusing along the leaf, has to deal with the antioxidant systems located in various tissues. Table 1 shows that the quantum yield of PSII (Φ PSII ) was even higher in leaves in the presence of 100 mM H 2 O 2 , indicating that the incubation did not negatively affect PSII photochemistry. The coefficient of non-photochemical quenching (qN) was lower in the presence of an elevated concentration of hydrogen peroxide with respect to that of control leaves, reflecting the absence of the destructive action of hydrogen peroxide at the concentration used. Figure 6A shows the changes in the H 2 O 2 content in barley leaves at the beginning of the third day and at the end of the fifth day of the incubation in LL in the absence or presence of hydrogen peroxide. The data demonstrated that the hydrogen peroxide content was not significantly higher in leaves incubated in the presence of 50 mM H 2 O 2 with respect to control leaves during the whole treatment. Leaves incubated in the presence of 100 mM H 2 O 2 resulted in an increase in the level of H 2 O 2 by 25% with respect to control leaves by the beginning of the third day of and it was twice as much by the fifth day of treatment. Figure 6B shows the relative level of reduction of the PQ pool (1−qL) in barley leaves after 5 d of incubation in the absence or presence of hydrogen peroxide in LL. The actinic light intensity used for the measurement of qL values was the same as that which had been used for the incubation of the leaves. A lower level of reduction of the PQ pool was observed in leaves treated with 100 mM H 2 O 2 with respect to that of leaves under control conditions. No significant difference (according to Student's t test P-value) in the level of reduction of the PQ-pool was observed in leaves treated with 50 mM H 2 O 2 compared with control leaves.
H 2 O 2 content and the relative level of reduction of the PQ pool in leaves under the conditions studied
An increase in the H 2 O 2 content in LL leaves yields to a PSII antenna size typical of HL-adapted plants
The Chl а/Chl b ratio was slightly higher in leaves treated with 50 mM hydrogen peroxide for 5 d with respect to that of leaves maintained in the control medium (Table 1) . When a higher H 2 O 2 concentration was used (100 mM), a higher Chl а/Chl b ratio was reached. It is worth noting that the increase in the Chl а/Chl b ratio upon incubation in the presence of H 2 O 2 ensued from a decrease in the relative content of Chl b, while the abundance of Chl a remained essentially unchanged.
To investigate the influence of hydrogen peroxide on the modulation of the abundance of Lhcb proteins further, SDS⁄PAGE was carried out. Figure 7 shows the fractionation of thylakoid proteins from leaves incubated in the presence or absence of H 2 O 2 under LL conditions. Densitometric analysis showed that H 2 O 2 treatment of leaves affected the relative abundance of the Lhcb proteins. The amount of the Lhcb1+Lhcb2 proteins was lower in leaves treated with hydrogen peroxide than in control leaves. The abundance of the Lhcb6 and Lhcb3 proteins decreased as well when H 2 O 2 was used. The abundance of the total PSII core proteins as well as the intensity of the band corresponding to the 33 kDa subunit were slightly more pronounced in the presence of elevated hydrogen peroxide, probably reflecting the signalling action of H 2 O 2 on the PSII repair cycle. This may also partly explain the higher quantum yield of PSII when exogenous hydrogen peroxide was used.
The lower amount of Lhcb1 and Lhcb2 proteins when exogenous H 2 O 2 was used was confirmed by immunotitration with specific antibodies (Fig. 8.) .
A precise assessment of the lhcb1, lhcb3, lhcb4, lhcb5, and lhcb6 transcriptional levels was carried out to study the effect of H 2 O 2 treatment on the expression level of these genes. ). The actinic light for the measurement of the reduction level of the PQ pool corresponds to the intensity at which the incubation of the leaves was carried out. 0.346 µmol of H 2 O 2 /g leaf −1 was normalized to 100%. Values are the mean ±SD of three independent replicates each made by three repetitions. The experiments were performed twice with similar results. ANOVA statistical test (Fisher test) was performed for the data presented in (A). 3rd day: LL 50 mM H 2 O 2 versus LL, P value <0.1; LL 100 mM H 2 O 2 versus LL, P value <0.05; LL 100 mM H 2 O 2 versus LL 50 mM H 2 O 2 , P value <0.5. 5th day: LL 50 mM H 2 O 2 versus LL, P value <0.5; LL 100 mM H 2 O 2 versus LL, P value <0.001; LL 100 mM H 2 O 2 versus LL 50 mM H 2 O 2 , P value <0.001. For (B), values are the mean ±SE: no additions versus 100 mM H 2 O 2 , P value (Student's t test) <0.05.
Quantitative RT-PCR (qRT-PCR) of selected genes was performed on RNA isolated from barley leaves after 5 d of incubation under LL conditions in the absence or presence of 100 mM H 2 O 2 . The qRT-PCR analysis revealed that the increase in H 2 O 2 concentration in barley leaves led to a decrease in the lhcb1, lhcb3, and lhcb6 mRNA levels, while no changes were observed in the lhcb4 and lhcb5 mRNA levels (Fig. 9) .
Discussion
Lhcb proteins are encoded by nuclear lhcb genes (Jansson, 1999) and, therefore, regulation of the expression of these genes by the PQ pool redox state should go through a chloroplast-to-nucleus signal transduction pathway. It is shown here that the redox state of the PQ pool is not solely responsible for the regulation of PSII antenna size under long-term excess excitation energy conditions. A number of possible signal messengers of the PQ pool redox state have been proposed, including the involvement of protein phosphatase (Kimura et al., 2001) or special kinases (for a review see Li et al., 2009) . There has been a suggestion that hydrogen peroxide may somehow be involved in the HL acclimation of the photosynthetic apparatus (Kimura et al., 2001; Cheng et al., 2012) . In the present study, direct evidence of the role of H 2 O 2 in the abundance of the Lhcb proteins and hence in the regulation of the PSII antenna size under long-term acclimation to HL, has been shown.
It has been shown that the HL-dependent reduction of PSII antenna size is hampered in leaves with a high level ) in the absence (control) or presence of 100 mM hydrogen peroxide. Values are the mean ±SD of three independent replicates each made by three repetitions. The experiments were performed four times for the lhcb1, lhcb3, and lhcb6 genes and twice for the lhcb4 and lhcb5 genes, showing similar tendency. of reduction of the PQ pool but with a low hydrogen peroxide content (Figs 1-5) . Conversely, barley leaves decrease the PSII antenna size under LL conditions when the level of reduction of the PQ pool is low but the hydrogen peroxide content is increased (Figs 6-8 ; Table 1 ). Thus, the reduction of PSII antenna size can be brought about by increased production of H 2 O 2 accompanied by the high reduction level of the PQ pool in HL or simply by the exogenous addition of H 2 O 2 in elevated concentrations while the level of reduction of the PQ pool remains low in LL.
On the fifth day of treatment, the H 2 O 2 content in HL leaves (Fig. 1A) was similar to that of LL leaves incubated in the presence of 100 mM H 2 O 2 (Fig. 6B) . This confirms that the treatment of leaves by LL in a medium containing 100 mM H 2 O 2 simulates the physiological H 2 O 2 accumulation within the leaf. Therefore, this concentration of H 2 O 2 is adequate to investigate the H 2 O 2 signalling function directly in wild type plants, without genetic modifications. When the experiments were done in the presence of 500 mM H 2 O 2 in the incubation medium, the functionality of the leaves was adversely affected (see Supplementary Fig. S1 at JXB online).
The higher PSII quantum yield (Φ PSII ) in the light and the lower qN in leaves treated with 100 mM H 2 O 2 with respect to that of control leaves reflect the acclimatory changes in the photosynthetic apparatus when exogenous H 2 O 2 was used ( Table 1 ). The lower level of reduction of the PQ pool also confirmed the activation of the acclimatory response of leaves in LL in the presence of elevated concentrations of H 2 O 2 .
It is of note that the H 2 O 2 content in HL leaves incubated in the presence of catalase (Fig. 1A) was similar to that of LL leaves (the control leaves in Fig. 6B) . Thus, the experimental data support the idea that these experimental conditions allow the comparison not only of HL leaves versus LL leaves treated with 100 mM H 2 O 2 , but also of HL leaves treated with exogenous catalase versus LL leaves.
As for the biosynthesis step during which the biogenesis of PSII antenna proteins are regulated, qRT-PCR analysis revealed that a significant role is played at the transcriptional or post-transcriptional level, rather than at the translational level (Fig. 9) . The mRNA of the lhcb genes coding the proteins of the major PSII antenna complex (LHCII) and the minor antenna protein Lhcb6 were identified as hydrogen peroxide-sensitive products. The fact that the quantity of the LHCII proteins (Lhcb1, Lhcb2, Lhcb3) and Lhcb6, which are the major actors in the reduction of the PSII antenna size, is under regulation by the H 2 O 2 content provides a clear indication that H 2 O 2 is the signal molecule for the reduction in antenna size occurring under long-term HL conditions. Being produced inside chloroplasts, H 2 O 2 can diffuse out of these organelles to the cytoplasm mainly through aquaporins (Borisova-Mubarakshina et al., 2012) . The rate of H 2 O 2 appearance in cytoplasm was found to increase with increased light intensity and/or when the ascorbate peroxidase system was partly inhibited under stress conditions . H 2 O 2 generation in the chloroplast stroma is saturated at a relatively LL intensity, while HL promotes an increase in H 2 O 2 production within the thylakoid membrane (Borisova- , even in the presence of an efficient electron acceptor (Vetoshkina et al., 2015) . H 2 O 2 production within the membrane occurs with the essential involvement of the PQ-pool . Therefore, it can be hypothesized that the PQ-pool significantly contributes to the enhanced level of H 2 O 2 in chloroplasts and, consequently, in the cytoplasm in HL.
The question arises in which cellular compartment, namely chloroplast or cytoplasm, H 2 O 2 plays the signal role in the transcriptional regulation of genes under conditions of excess light. For example, genes coding the cytosolic ascorbate peroxidase, APX1 and APX2, are also up-regulated by the overreduction of the PQ-pool in response to elevated illumination (Karpinski et al., 1997) . The up-regulation of APX2 by HL treatment also involves H 2 O 2 in addition to the PQ-pool redox state, and this induction was abolished by the infiltration of Arabidopsis thaliana leaves with catalase (Karpinski et al., 1999) . Over-expression of catalase in the chloroplast stroma suppressed the induction of a cytosolic APX gene in tobacco in HL (Yabuta et al., 2004) . On the basis of these data, it can be concluded that H 2 O 2 initiates the signalling cascades directly within chloroplasts.
As postulated in Galvez-Valdivieso et al. (2009) , H 2 O 2 -responisive APX2, as well as many other HL-responsive genes, not only require a chloroplast-sourced redox signal for the regulation of their expression but also the abscisic acid (ABA) signal. HL stress conditions result in a higher accumulation of ABA in leaves (Galvez-Valdivieso et al., 2009) . Treatment of plants with ABA at high concentrations causes the suppression of the expression levels of lhcb genes (Liu et al., 2013) . Staneloni et al. (2008) proposed a model, in which the signalling pathway, mediated by chloroplast-originating H 2 O 2 , interacts with the ABA signalling network causing a down-regulation of the expression of the lhcb1 and lhcb2 genes under long-term HL treatment (several days). However, during the first hours (up to 6 h) of HL treatment, ABA plays a minor role in the acclimatory response of Arabidopsis thaliana plants (Alsharafa et al., 2014) .
Hydrogen peroxide, as a redox signal for the regulation of the expression of genes, is capable of triggering signal transduction from the chloroplasts to the nucleus via mitogenactivated protein kinase signalling pathways. It is known that the Cys residues of a number of enzymes (Calvo et al., 2013; Kim et al., 2000) , including kinases (Chen et al., 2001; Guyton et al., 1996) , are the main target of hydrogen peroxide in biological systems (Richter and Grimm, 2013; Cejudo et al., 2014) .
In Pesaresi et al. (2009) it was shown that the thylakoid protein kinase STN7 is required for both state transitions occurring under illumination by PSI-or PSII-specific light for several minutes, as well as for the acclimation when plants were exposed to PSI-or PSII-light for several days. It is possible that STN7 kinase also plays a role in the long-term acclimatory response to excess excitation energy since it was reported that the L trimer of LHCII, which is involved in long-term acclimation to HL, is also involved in state transitions (Galka et al., 2012; Hofmann, 2012) . The phosphorylation of the L trimer proteins is also probably needed for the long-term acclimation to HL conditions. STN7 kinase is a transmembrane protein (Depège et al., 2003) , the N-terminal end of which is exposed into the lumen side of thylakoids and contains two Cys residues that are responsible for the kinase activity (Lemeille et al., 2009) . H 2 O 2 can oxidize the Cys residues of STN7 kinase, converting the enzyme into the active state. The possible influence of H 2 O 2 on the STN7 kinase activity has been also suggested recently (Khorobrykh et al., 2015; Roach et al., 2015; Vetoshkina et al., 2015) .
A note
Hydrogen peroxide generated within the thylakoid membrane with the involvement of the PQ-pool was proposed to originate from the reduction of the superoxide radical by PQH 2 (see Introduction). It is of note, however, that the increased membrane H 2 O 2 production in HL results not only from the increased PQH 2 /PQ ratio but also from the increased production of the superoxide radical in PSI within the membrane, presumably by phyllosemiquinone (Kozuleva et al., 2011; Kozuleva et al., 2014) . This can explain why, in some studies, the effect of the PQ-pool redox state was not revealed (Montane et al., 1998) . For example, no difference in chloroplast photoacclimation response was observed in antisense tobacco plants with decreased levels of the cytochrome b 6 f complex, despite the PQ-pool being constitutively overreduced (Anderson et al., 1997) . In these mutants, the decreased levels of the cytochrome b 6 f complex is expected to inhibit electron transport between the photosystems that probably results in a lower rate of superoxide radical production in PSI.
Conclusion
The results reported here support the hypothesis that H 2 O 2 is a molecular signal that contributes to the regulation of the PSII antenna size, leading to the long-term acclimatory response of the photosynthetic apparatus under excess light conditions. Accordingly, it is proposed that the H 2 O 2 molecule released by the PQ-pool is one of the main candidates by which the redox state of the PQ-pool provides its regulatory effect (Fig. 10) .
Supplementary data
Supplementary data can be found at JXB online. Supplementary Fig. S1 . Barley leaves after 5 d of incubation in the absence or presence of different concentrations of hydrogen peroxide in the incubation medium (50 mM, 100 mM, and 500 mM) at low light intensity (100 μmol photons m -2 s -1 ). Whole leaves were dipped into the medium at the base. The incubation medium was renewed every day.
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